Mixing of discharging jet into water body is an important field of study for hydraulic scientists and engineers because of the physics of the mixing phenomenon. In this paper, mixing of jets in water bodies is studied numerically and experimentally. Particle Image Velocimetry (PIV) is used to measure the time-history of the velocity distribution in front of a discharging nozzle. Additionally, numerical simulations are performed to compare the computational results with the experimentally-measured datathe comparison indicates good agreement. The concentration distribution is extracted from numerical results while the experimental PIV measurements show a half Gaussian distribution for surface discharge with a maximum velocity at the water surface.
INTRODUCTION
Particle Image Velocimetry (PIV) is a non-intrusive technique to measure the velocity field at different locations an area or volume simultaneously. This method is used to study the behavior of the nonbuoyant jet discharging into water bodies. Various studies have been performed for jet mixing. Gawad et al. (1995) evaluated the jet trajectory distribution of the circular jet discharging in a trapezoidal channel. Physical model included a sloped bed which was covered with gravel to approximate the roughness of Detroit River. Both buoyant and non-buoyant cases were discharged at surface and in the water, leading to a total of 36 experimental tests. The velocity and concentration distributions were measured in different cross sections. Anwar (1987) conducted experiments to measure the jet flow temperature distribution from a rectangular channel discharging perpendicular to a flow with a velocity almost equal to that of the jet. Jet temperature was set higher than the ambient water leading thus to a buoyant jet. Temperature contours were extracted for different vertical and horizontal slices in the channel. Velocity profiles of different sections along the channel were also extracted. Various kinds of jet have been studied experimentally: Rajaratnam (1984) studied the behavior of vertical circular jets discharging into crossflow experimentally. Jones et al. (2007) studied and introduced a classification of surface discharge of the buoyant jets under different conditions such as shallow water and strong crossflow. Jirka (2007) introduced an optimized jet integral model to predict the jet distribution in crossflow using the flow classifications. Kheirkhah (2014) used buoyancy modified solver to simulate negatively buoyant jet in the OpenFOAM software and found the best performing RSTM turbulent models. Zhang et al. (2016) performed a numerical simulation of negatively buoyant jet in OpanFOAM using twoLiquidMixingFoam solver with both the Smagorinsky and Dynamic Smagorinsky sub-grid scale (SGS) models. They have also conducted some experiments to validate their numerical study.
EXPERIMENTAL SETUP AND PROCEDURE
The main components of the experimental setup are shown in Figure 1 . Details of the experimental setup are: A) laser box for PIV, B) laser shooting arm, C) laser lens, D) sCMOS cameras, E) moving cart, F) ultrasonic flowmeter, G) rail and support, H) electric motor, I) nozzle, J) discharging arm and K) pumps and discharging fluid reservoir. This experimental setup was built in the Hydraulics Laboratory at the University of Ottawa. The nozzle is a squared cross section pipe with the inner side of = 8 ( ) which had sufficient length to ensure that a well-controlled flow regime is reached. An ultrasonic flow meter was installed on a stainless steel pipe with a diameter of 19 (mm). Validity of the flow rates measured by ultrasonic flow meter was examined separately. The discharging rate shown on ultrasonic flowmeter was used for the experimental discharges to make sure the discharging values are accurate at the time of the experiments. The discharging unit has two pumps: one for the main hose attached to the nozzle and another one for the temperature path (Figure 2 ). Water with a carefully controlled temperature system goes from discharging reservoir to the end of the main hose (hose A) and goes back from the end of main hose to the discharging reservoir (hose B). This path is beside the main discharging hose which has water with the same temperature as the discharging water insulated from the surrounding area. This will help to minimize the temperature losses in the system. Temperature of the reservoir and outlet of the temperature path are monitored. Experiment is conducted only if the temperature difference is acceptable.
Ambient water is stagnant in this setup, so in the cases of discharging jet into crossflow the nuzzle moves with a constant speed. Discharging unit is installed on a rail cart system connected to an electric motor with adjustable speed. Current in crossflow is considered by moving the jet which is a common approach in the literature (e.g. Abessi & Roberts, 2015) . Cameras are installed on the cart and moves with the same speed of the nozzle. Light source illuminates a vertical sheet alongside the flume. Image quality of the camera is controlled in multiple locations in the flume to make sure that camera is moving parallel to the vertical laser sheet and particles are set in the camera's depth of focus. In order to find out the validity of the assumptions, one measurement without for the moving cart is done. Results are shown in Figure 3 . It is clear that the electric motor moves the cart with the average speed of 0.3 (m/s). Standard deviation is shown in Figure 3 .b with the order of 0.01 which shows an acceptable range for value of cart speed. 
EXPERIMENTAL RESULTS
PIV measurements are shown in Figure 4 . Average velocity for the non-buoyant case is 0.7 (m/s). It can be seen that average velocity value changes from maximum of 0.9 (m/s) at nozzle exit to 0.3 (m/s) in the water surface. Velocity vectors have half Gaussian distribution with the maximum at the surface. In the locations closer to jet the distribution is more jet like and when it goes further it is more plume like. Figure 4 .b shows the standard deviation of velocity with higher magnitude in front of the nozzle. Some reasons for this variation might be because of the laser light reflection closer to the nozzle. But, in general higher standard deviation occurs at higher velocity locations in these measurements. calculated from Navier-Stokes equations but small eddies are modelled using turbulent transport approximations. Large eddy motions have a great role in the mixing generated by turbulent.
Governing equations of LES model for incompressible fluids after applying the filters can be expressed in tensor notation:
Where is velocity, is the pressure, is the fluid density, is time, is gravity acceleration, is the fluid viscosity, is the scalar diffusivity, is the scalar concentration and the tilde is the spatial indicator. Sub-Grid Scale (SGS) Reynolds stresses are:
And SGS scalar flux is:
Smagorinsky SGS model is one of the most popular SGS model in the literature which considers the SGS stress tensor ( ) and the SGS turbulent concentration flux ( ) for incompressible fluids as:
= 0.7 (Yimer et al., 2002 and Zhang et al., 2016 is the SGS turbulent Schmidt number and = 1 2 ⁄ ( + ) is the rate of strain tensor for the resolved scale. Smagorinsky eddy viscosity is modeled by (Smagorinsky (1963) and Lilly (1967) 
Where is the LES filter width which is the grid size and is the Smagorinsky constant which is set to 0.17 in the model (Zhang et al., 2016) .
Mesh grids are shown in Figure 5 . Nozzle geometry is modeled to make sure that flow at the nozzle exit is generated and matches perfectly with the experimental conditions. Mesh sizes are smaller closer to the nozzle exit and gradually increase in three directions. 
CONCLUSIONS
Velocity measurements show the half Gaussian distribution with a maximum in the water surface. By increasing the distance from nozzle, maximum velocity decreases. Numerical simulations are in a good match with experimental measurements. Concentration distribution shows the mixing in vertical direction in locations with lower horizontal velocity. Maximum concentration is in the water surface and it decreases by 50% in a distance of the order of 25 ( : width of the nozzle). Maximum values of standard deviation occur at the location of maximum velocity.
